Abstract: Adult sockeye salmon, Oncorhynchus nerka (Walbaum in Artedi, 1792), return to Lake Washington several months prior to spawning, spending the warmest months of the year in the lake. We proposed that the fish selected a temperature range ideal for final sexual maturation and energy conservation prior to swimming upstream to spawn. The temperature preferences of the adult sockeye salmon in Lake Washington are attributable to physiological factors, as they are not avoiding predators or seeking prey and are not limited by dissolved oxygen. At the Hiram M. Chittenden Locks, 257 sockeye salmon were tagged with temperature loggers in the summer of 2003, and 38 tags with readable data were recovered. The fish spent an average of 6 days swimming through the ship canal's warm water (ca. 18°C) and then experienced a drop to temperatures of 13°C or lower when they entered the lake and descended below the thermocline. Fish remained in the lake for an average of 83 days before migrating upstream to spawn, as indicated by a sudden increase in recorded temperature. Approximately 92% of temperature records in the lake were 9-11°C, corresponding to depths of 18-30 m. The salmon rarely occupied the cooler and warmer waters available to them. Finally, the apparent thermal preference decreased over the summer, perhaps as a function of sexual maturation.
Introduction
Temperature strongly affects metabolic processes, locomotor performance, growth, maturation, susceptibility to disease, and other aspects of the performance of fishes and other ectotherms (Randall et al. 2002) and is among the most important physical factors affecting their distribution (e.g., Stauffer et al. 1976; Magnuson et al. 1980) . Because of the diverse effects of temperature, fishes often shift their distributions to occupy more favorable thermal regimes (e.g., striped bass, Morone saxatilis (Walbaum, 1792): Coutant and Carroll 1980 ; bluegill sunfish, Lepomis macrochirus Rafinesque, 1819, and largemouth bass, Micropterus salmoides (Lacepède, 1802): Clair et al. 1984 ; Pacific bluefin tuna, Thunnus orientalis (Temminck and Schlegel, 1844): Kitagawa et al. 2000 ; bat rays, Myliobatis californica Gill, 1865: Matern et al. 2000 ; and lake trout, Salvelinus namaycush (Walbaum in Artedi, 1792): Snucins and Gunn 1995) . In some cases, interpretation of data on behavioral thermoregulation can be complicated by other selective pressures such as predator avoidance (e.g., Fischer et al. 1987) or interactions between the distributions of predators, prey, and temperatures that maximize efficiency of digestion (Clark and Levy 1988; Levy 1990) .
Salmonid fishes occupy cool and cold waters and show behavioral thermoregulation at several life-history stages. During the summer, stream-resident species may move to tributary confluences and groundwater seeps to avoid stressful or lethal temperatures (e.g., Matthews et al. 1994; Nielsen et al. 1994; Matthews and Berg 1997; Baird and Krueger 2003) . In adult anadromous salmon, interannual variation in the timing of upstream migration may be correlated with temperature, indicating avoidance of high temperatures (e.g., Quinn and Adams 1996) , and especially high temperatures can cause migration to cease (Major and Mighell 1967; Hyatt et al. 2003) .
Besides these behavioral responses to temperature, adult salmonids also display migration patterns that seem to reflect evolved avoidance of stressful or lethal temperatures. In many cases, adults leave the ocean and enter freshwater many months prior to spawning, forsaking growing opportunities at sea. For example, some populations of chinook salmon (Oncorhynchus tshawytscha (Walbaum in Artedi, 1792)) migrate upstream in the spring but delay spawning until the fall (Healey 1991; Myers et al. 1998 ), perhaps to avoid high temperatures in the lower reaches of large rivers. These fish also display behavioral thermoregulation during the summer months, holding in deep pools (Berman and Quinn 1991) . Additionally, at the southern end of their range, many coastal populations of sockeye salmon (Oncorhynchus nerka (Walbaum in Artedi, 1792)) return to freshwater in the late spring or early summer, hold in the lake near their natal stream for several months, and then spawn in tributaries of the lake in the fall or winter (Hodgson and Quinn 2002) . This migration pattern allows them to avoid the very warm waters in the outlet of the lake in late summer and early fall. The alternative to this evolved avoidance of warm waters would be to return to freshwater later in the season after lake temperatures decreased. However, it seems that this is not the case, as many coastal populations in the southern part of the species' range return before water temperatures rise rather than after.
Sockeye salmon in Lake Washington exemplify this "premature" migration pattern (Hodgson and Quinn 2002) . Most adults return to freshwater between mid-June and early August but spawn in October and November. This early migration is not a result of the distance the fish have to travel or any physical barriers; Lake Washington is only 10.4 km from Puget Sound and 6.13 m above mean lower tide in Puget Sound. Because the fish return so far in advance of spawning, they spend the warmest months of the year in the lake. During the summer, the lake is stratified, with temperatures in the epilimnion of about 18-25°C, a thermocline at about 10-20 m, and temperatures in the hypolimnion of about 8-10°C (Nowak and Quinn 2002) . Once sockeye salmon return to Lake Washington, they are neither avoiding predators nor seeking prey, and the temperature that they occupy is not confounded by interactions between depth and salinity, as is the case for salmon in coastal marine waters (e.g., Quinn et al. 1989) . Therefore, the temperature preferences of the adult sockeye salmon in Lake Washington can be attributed to physiological factors including energy conservation. Assuming that concentrations of dissolved oxygen were adequate, the salmon could minimize their energy expenditures by remaining in the deepest, coldest water available.
The purpose of this study was to use miniature, temperature-sensitive data-storage tags attached externally to adult sockeye salmon to determine whether the salmon distributed themselves in the water column in a manner consistent with behavioral thermoregulation. The Lake Washington sockeye salmon migrate from the North Pacific Ocean, through Puget Sound, up a relatively shallow (10 m) ship canal, through Lake Union (maximum depth 15 m), where temperatures in the summertime are in the range of 16-25°C, and into Lake Washington. Significant opportunities for behavioral thermoregulation are available only once the fish reach Lake Washington itself. Assuming that the salmon tended to avoid the warmest surface waters, our second purpose was to determine whether they (i) occupied temperatures that minimized metabolic expenses during the period of fasting prior to spawning, (ii) occupied temperatures that reflected a balance between thermal efficiency and dissolved oxygen levels, or (iii) displayed a gradual decrease in thermal preference consistent with thermal effects on maturation.
Materials and methods
Most sockeye salmon enter the Lake Washington system by ascending the fish ladder at the Hiram M. Chittenden Locks, where the Lake Washington system joins Puget Sound (Fig. 1) . A fraction of the population returning in 2003 were trapped there and tagged. After they swam into the trap, the fish were transferred by net to a trough padded with foam. Water was pumped over the fish and through their gills during the tagging operation; one person held the fish while another tagged it below the dorsal fin with two 19.0 mm diameter plastic disks on one side and a miniature temperature logger attached with a 7.6-cm nickel pin on the other side. Date, time, and fork length were recorded. Sex was determined by external identification. The fish were held by hand in the water on the upstream side of the ladder until they moved vigorously and swam away. All procedures were approved by the University of Washington Institutional Animal Care and Use Committee.
In total, 257 sockeye salmon were tagged during 9 days between 16 and 28 July 2003, near the typical peak of the migration period. Fish ranged in size from 520 to 685 mm. Females accounted for 129 of the tagged fish, males accounted for 125 fish, and 3 fish were undetermined. We used iBCod tags (Alpha Mach Inc., Mont-Saint-Hilaire, Quebec) set to record temperature every 2 h. At this sampling rate, the tags recorded time and ambient water temperature for approximately 170 days but they did not transmit data; therefore, they had to be recovered and the data downloaded to a computer. Between 3 October and 18 December 2003, 41 tags were recovered from dead and dying fish on the Cedar River, the primary spawning site, flowing into the south end of the lake (Fig. 1) . Readable data were obtained from 36 of these tags and from 2 tags from fish caught by tribal fisheries in Lake Washington and Lake Sammamish.
Temperature and dissolved oxygen were measured and recorded at each metre from the surface to a depth of 60 m by King County's environmental sampling station in the lake (Fig. 1) four times daily, allowing us to know the temperatures and oxygen levels available to the fish and to estimate the fish's depth from the ambient temperature information. 
Results
All except two of the fish that were recovered from the Cedar River spent several days (average = 4.05 d, SD = 2.78 d, range = 0.58 to 11.17 d) after release at continuously high temperatures (around 18°C) and then experienced an abrupt reduction in temperature (to about 12-13°C) (Fig. 2) . We infer that this brief initial period in warm water was spent in the ship canal and Lake Union prior to entering Lake Washington, as this waterway drains the warm epilimnion from Lake Washington. Four fish spent distinctly longer periods in warm water (21, 53, 56, and 57 d) before experiencing cooler water. No intermediate periods of occupancy in warm water were observed.
The 34 (89%) fish that did not spend extended periods in the ship canal spent an average of 84.7 days in the lake (SD = 12.3 d, range = 56.97 to 131.52 d), and all subsequent analyses were restricted to these fish. During their period in the lake, the temperatures available to them ranged from 8.4 to 25.8°C. However, the fish spent the majority of time between 9.0 and 11.0°C; 92% of temperature detections in August and 95% of temperature detections in September fell in this range. A t test revealed that males and females did not differ in the average temperature occupied (p = 0.849), and a regression revealed that there was no relationship between fish size and the average temperature occupied (p = 0.868). Additionally, we were unable to detect a diel pattern in the temperature data.
Data gathered by King County's environmental sampling station showed a distinct thermocline (Fig. 3) . We calculated the percentage of the water column at a given temperature and compared this to the percentage of detections made at each temperature (Fig. 4) . Although approximately 24% of the water column was in the 8.0-9.0°C range in August and 23% was in this range in September, fish were seldom found at these temperatures. In August, 42.5% of the detections were in 10.0-11.0°C water, corresponding to depths of 20.0 to 23.2 m. In September, 67.5% of detections were in 9.0-10.0°C water, corresponding to depths of 26.2 to 35.2 m. The average temperature occupied gradually but consistently declined over the summer-fall period, despite the abundance of available temperatures above and below the preferendum (Fig. 5) .
Occasionally, fish made "ascents" to the surface, as inferred from temperature records characteristic of water above the thermocline, or "descents" to the coldest water near the bottom of the lake. On average, 0.58% (SD = 0.48) and 0.78% (SD = 0.79) of the records were in water above 15.0°C in August and September, respectively. The fish were in water colder than 9.0°C for an average of 2.4% of detections in August (SD = 3.7) and 7.2% of detections in September (SD = 11.0). According to King County's environmental sampling station, dissolved oxygen concentrations during August and September 2003 were greater than 7 mg·L -1 throughout the water column in Lake Washington.
Discussion
Sockeye salmon in Lake Washington return several months prior to spawning, like many populations at the southern end of their range (Hodgson were predicted to conserve as much energy as possible before swimming upstream to spawn. Therefore, their avoidance of the warm epilimnion was not surprising. The surface temperatures in the lake would have elevated their metabolic rates, and were in the range that is stressful or nearly lethal for this species (Colgrove and Wood 1966; Gilhousen 1990; Macdonald et al. 2000) . However, the salmon remained in the narrow 9.0-11.0°C range even though deeper, cooler water was available throughout the summer and fall. In some other lakes, fish need to balance thermoregulation and avoidance of low levels of dissolved oxygen (DO) (e.g., Coutant and Carroll 1980) . Alabaster (1989) reported that chinook salmon avoided water with less than 5 mg DO·L -1 , but concentrations greater than this did not restrict activity. It seems unlikely that the apparent avoidance of the deeper, cooler waters in Lake Washington was related to low DO levels, as the DO concentration was greater than 7 mg·L -1 throughout the water column during the summer. Indeed, juvenile sockeye salmon spend the day in the deep waters of the lake (>40 m) and ascend to the surface only at dusk to feed (Eggers 1978) . Because adult sockeye salmon in Lake Washington are apparently not limited by DO, they could lower their metabolic rate by moving to the cooler, deeper water. Brett and Glass (1973) found that adult sockeye salmon of approximately 2.5 kg (comparable to the fish studied here) can reduce their standard oxygen consumption from approximately 100 mg O 2 ·h -1 at 10°C to 83 mg O 2 ·h -1 at 8°C. To reduce their metabolism, the fish did not occupy the cooler waters available to them.
Reproductive development often starts far in advance of spawning in salmonids (King et al. 2003) . Fish use proximate cues, notably photoperiod and temperature, to synchronize spawning around the date that will result in ideal conditions for the offspring (Bromage et al. 2001) . Our study was not designed to investigate thermal effects on maturation, and our data are observational rather than experimental. Notwithstanding these limitations, we hypothesize that the sockeye salmon were selecting temperatures in the lake that balanced their needs for final maturation with the need to minimize metabolic expenses so they would have sufficient energy for upstream migration and reproduction in the fall. It should be noted that only data from fish that succeeded in reaching the spawning grounds were analyzed. Fish that did not survive to spawn might have exhibited different thermal occupancy patterns; however, those that did survive to spawn are the evolutionarily significant individuals.
Several studies have shown that temperature strongly affects the later stages of maturation in salmonids. For example, rainbow trout (Oncorhynchus mykiss (Walbaum, 1792)) spawn in the spring, when temperatures are increasing, and warm temperatures can accelerate ovulation (Pankhurst et al. 1996; Davies and Bromage 2002) , though ovulation can be inhibited or prevented by temperatures greater than 18°C. Atlantic salmon, Salmo salar L., 1758, spawn in the fall, when temperatures are decreasing; warm waters (16°C) can inhibit ovulation, and exposure to cold water (11°C) during final maturation has been correlated with increased survival of embryos (Taranger and Hansen 1993; King and Pankhurst 2004) . Sockeye salmon in Lake Washington might have avoided the coldest water available to them in early summer because it would have interfered with maturation, but they gradually occupied cooler water as the spawning season approached (Fig. 5) .
In addition to the roles of energy minimization and sexual maturation in thermal preferences, orientation behavior may affect the vertical distribution of salmon to some extent. Adult sockeye salmon in coastal marine areas migrated near the surface in regions where the water column was wellmixed with cold, saline water but moved down to the vicinity of the halocline and thermocline in stratified water near the mouth of the Fraser River (Quinn et al. 1989 ). This vertical distribution was hypothesized to reflect, in part, the need to detect the odors of the natal river. In the case of sockeye salmon in Lake Washington, the homing migration from the open ocean to Puget Sound and entry into the lake is followed by a secession of several months, after which the fish must find the mouth of their spawning stream. A concurrent study of the horizontal movement patterns of sockeye salmon in Lake Washington using acoustic transmitters found that during their first 4-6 weeks in the lake, fish moved throughout the lake (Newell 2005) . Later in the summer and fall, most fish were found to the west and south of Mercer Island, presumably staging to ascend the Cedar River. It is interesting that they seemed to make a rather abrupt movement from cool lake waters to the river without a detectable period spent in the warm surface waters of the lake (e.g., Fig. 2) .
Finally, Lake Washington has been getting warmer in the summer and fall over the past three decades Winder and Schindler 2004) , and one may ask how this might affect the salmon. Hodgson et al. (2005) found that sockeye salmon have been entering Lake Washington earlier over the period of record, and this is consistent with avoidance of the warmest waters. While disease is often the ultimate cause of prespawning mortality, elevated temperatures increase susceptibility to disease (Gilhousen 1990 ). The August temperatures at the Locks approach levels correlated with increased disease in migrating sockeye salmon (Gilhousen 1990 ), so prespawning mortality may result. Cool water should continue to be available below the thermocline in Lake Washington once salmon successfully migrate through the ship canal. However, a continued warming trend might further separate the dates of lake entry and spawning, thus requiring a longer fasting period in the lake. There is circumstantial evidence that productivity of sockeye salmon elsewhere is correlated to climate variation (Hyatt et al. 2003) . Should the water temperatures in Lake Washington rise to a level greater than what is optimal for final maturation, the spawning success of sockeye salmon could be compromised.
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